absorption of crystalline Lys (CLys) utilization relative to AA derived from intact protein has been shown (Yen et al., 2004) . Other studies have demonstrated the lack of difference between pigs fed below the requirement with l-Lys·HCl or soybean meal (SBM)-bound Lys for PD (Susenbeth et al. 1994; Liebert, 1995; Colina et al., 2013) . Moreover, Heger et al. (2009) indicated that pigs with a greater PD rate do not utilize Lys more efficiently compared to pigs with less PD.
The comparative slaughter technique has been used to estimate body composition (Gómez et al., 2002; Heger et al., 2008) . Gómez et al. (2002) reported that growing barrows fed low-protein diets supplemented with crystalline AA failed to have protein accretion rates similar to those fed a traditional corn-SBM diet. Others have investigated the effects of sex using a modeling approach and reported similar predicted daily moisture, protein, and ash accretion rates between barrows and gilts (Schinckel et al., 2008) or have demonstrated that gilts had more total body water, protein, and ash but less body fat than barrows (Wiseman et al., 2007) .
The majority of the aforementioned research has been conducted without considering the sex of the pig and the source of dietary Lys. The objective of this study was to determine the body composition, tissue deposition rates (including AA), and utilization of Lys for PD of barrows and gilts fed Lys as l-Lys·HCl or protein-bound Lys in SBM.
MAtERIALS AND MEtHODS
The University of Nebraska's Institutional Animal Care and Use Committee approved all procedures and guidelines involving animals.
Experimental Design and Facilities
This experiment consisted of 2 trials (28 d each) replicated in time. Thirty-two terminal cross (HampshireDuroc sires × Yorkshire-Landrace females) growing pigs (16 barrows and 16 gilts) were used in each replicate trial. Pigs had initial and final BW of 18.6 and 35.18 kg, respectively, and were individually fed. There were 28 pens/room and 1 pig/pen in each experiment. Pens (1 × 1.5 m) contained a nipple waterer and a 1-hole self-feeder and had a concrete slatted-floor. Each room had constant lighting. Pigs were randomly allotted to 1 of 7 dietary treatments with 2 replications per treatment in each trial for a total of 4 replications.
Experimental Diets
Pigs had ad libitum access to 1 of 7 experimental diets and water throughout each 28-d trial. The 7 diets used were described by Colina et al., (2013) and consisted of a basal diet (0.48% Lys) containing protein-bound Lys and diets with 0.56%, 0.65%, and 0.74% standardized ileal digestible (SID) Lys that were achieved by adding Lys to the basal diet from either SBM or CLys as l-Lys·HCl in place of cornstarch. The SID Lys content in the SBM (46.5% CP) used in the diets was 2.72%. Diets were formulated with the same basal ingredients as source of Lys (SBM and dehulled sunflower meal) to be limiting only in SID Lys, and the other AA were calculated according to the requirements of NRC (1998).
Slaughter Procedures
To determine empty-body composition and tissue deposition, 4 pigs at the start and 28 pigs at the end of each trial were euthanized by injecting an overdose of sodium pentobarbital after an overnight fast. Immediately after slaughter, the gastrointestinal tract was removed, and gut contents (any remaining digesta) were washed to obtain the empty body of the pigs (without gut fill). The empty body was weighed to obtain empty BW (EBW) and frozen at −20°C until further processing. The frozen empty body was ground through a commercial grinder with a 12.5-mm die (model 1556, Biro, Marblehead, OH). The ground empty body was thoroughly mixed to ensure homogeneity, and a sample of approximately 4 kg was obtained. Subsequently, each sample was ground 3 times using a smaller grinder (model 5120-0-009, Toledo Scale, Toledo, OH) with successively smaller dies (6.5 to 2 mm) 3 times. Samples were mixed thoroughly by hand between each pass through the grinder. During the last grinding, frequent grab samples of approximately 100 g were taken at random and mixed thoroughly to obtain a total sample of approximately 500 g that was placed in a plastic bag and frozen at −20°C until chemical analyses.
Chemical Analyses
Diet samples were ground through a 1-mm screen for chemical analysis. Empty-body subsamples (approximately 4 g) were weighed and freeze-dried to determine DM and ether extract content. The CP and ash were determined on wet samples. Diets and empty-body samples were analyzed in duplicate following procedures described by AOAC (1990) : DM (method 934.01), CP (N × 6.25; method 990.03), ether extract by 8-h extraction using the Goldfish extraction procedure (method 920.39), and total ash burning samples in a muffle furnace at 550°C for 8 h (method 942.05). Amino acid composition in the empty body (except for Trp) was determined on lipid-extracted dried samples that were ground through a 1-mm screen before analysis. The samples were hydrolyzed for 20 h (6 N HCl) at 110°C (Moore and Stein, 1963) . Amino acids were separated using ion-exchange chromatography (method 994.12; AOAC, 1990) . The AA analyzer contained a cation exchange column, and AA were eluted by a gradient of lithium buffers. After elution from the column, the AA were quantified fluorometrically using o-phthalaldehyde as the derivatization reagent. Sulfur-containing AA (methionine and cysteine) were determined by ion-exchange chromatography of acid hydrolyzate samples that had been preoxidized with performic acid (method 985.28; AOAC, 1990) .
Calculations
Initial EBW and chemical body composition from the 4 pigs slaughtered initially were used to estimate the initial EBW and body chemical composition of pigs slaughtered at the end of each replicate trial. Deposition rates of water, CP, fat, ash, and AA in the empty body were estimated as the difference between the total weight of chemical components at the end and at the start of the experiment divided by the number of experimental days (Gómez et al., 2002; Conde-Aguilera et al., 2011) . The amount of Lys required per each gram of PD was calculated by dividing SID Lys intake by PD. Also, the Lys deposition divided by SID Lys intake (Lys deposition:SID Lys intake ratio) was calculated as suggested by Baker (1996) as an estimate of the efficiency of Lys utilization.
Statistical Analyses
Pig was considered the experimental unit. Data for the content of body chemical components and tissue deposition rates were analyzed as a complete randomized block design using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC; Littell et al., 1996) . The block for both analyses was considered as the combination between trial and room (2 trials and 2 rooms) for the whole experiment. Orthogonal contrasts were used to compare dietary treatments. The contrasts were basal diet vs. the other diets and comparisons between Lys supplemented from CLys and SBM at the SID Lys concentrations of 0.56%, 0.65%, and 0.74%, assuming that PD is a linear function of amino acid intake when Lys is the first limiting amino acid (Susenbeth et al., 1994) . Linear and quadratic effects of Lys concentration were tested using the slope ratio approach (Littell et al., 1997) . All the quadratic effects were not significant (P > 0.10) and were not included in the final model. For the evaluated variables the level of significance was set at P ≤ 0.05. If 0.05 > P ≤ 0.10, the effect was considered a trend.
The following model was used for empty-body chemical components and tissue deposition rates:
where Y ijkl is the observation on the ith block, jth diet, kth sex, and lth replication; µ is the overall mean; Bi is the fixed block effect i = 1,…,4; D j is the diet effect j = 1,…7; Sk is the sex effect k = 1, 2; (D*S) ij is the diet × sex effect; and E ijkl is the random residual error.
RESULtS
There were no interactions of diet × sex for any of the variables studied. Means of EBW and empty-body chemical composition of pigs slaughtered at the start of the trials are presented in Table 1 . Barrows and gilts had similar EBW, empty-body chemical body composition, and empty-body protein essential and nonessential AA at the start of the trials. The effect of diet on final pig EBW and chemical composition of pigs fed CLys or SBM Lys is shown in Table 2 . There were not differences in chemical components in the empty body between pigs fed CLys and SBM Lys at 0.56% and 0.74% SID Lys, respectively. The final pig EBW tended (P = 0.07) to be affected by dietary Lys, and pigs fed the basal diet had the least (P < 0.05) EBW (basal vs. the other diets). Body water content was greater (P < 0.05) in pigs fed the CLys-supplemented diets compared to pigs fed the SBM-supplemented diets at 0.65% SID Lys. Pigs fed the basal diet had the least (P < 0.01) body protein content, which was lower (P < 0.01) in pigs fed the 0.65% CLys-supplemented diet than in pigs fed SBM containing the same Lys concentration, without a significant difference between sources at the other concentrations of dietary Lys. Pigs fed the basal diet had the greatest (P < 0.01) fat content, which decreased linearly (P < 0.01) as the dietary Lys increased. Ash content was greatest (P < 0.05) in pigs fed the basal diet but similar between the 2 sources of Lys. Empty-body Lys content was least (P < 0.01) in pigs fed the basal diet and did not differ between pigs fed CLys or SBM-supplemented diets regardless of dietary Lys concentration. The effect of diet on SID Lys intake, empty-body tissue deposition rates, and Lys utilization (amount of Lys required per gram of PD) is presented in Table 3 . The SID Lys intake showed a linear increase (P < 0.01) as dietary Lys concentration increased. Water deposition and PD increased linearly (P < 0.01) with dietary Lys concentration and were lower (P < 0.01) in pigs fed the basal diet compared to pigs fed the other diets but were similar when comparing pigs fed CLys and SBMsupplemented diets at the same Lys concentration. Similar to the response in PD, Lys deposition showed a linear increase (4.45 to 6.40 and 4.12 to 6.29 g/d for diets with CLys and SBM, respectively; P < 0.01) with increasing dietary Lys and was lowest (P < 0.01) for the basal diet (3.40 g/d). Fat and ash deposition were not affected by diet or Lys source. The amount of SID Lys per unit of PD ranged between 0.09 and 0.13 g/g without differences between both sources of Lys. The efficiency of SID Lys intake utilization for Lys deposition was greater (P < 0.01) only in pigs fed CLys in comparison with pigs fed SBM at 0.65% SID Lys and increased linearly (P < 0.01) with dietary Lys concentration.
The effect of sex on body chemical composition, tissue deposition rates, and Lys utilization for PD and Lys deposition:Lys intake ratio is observed in Table 4 .
Empty-body contents of water, protein, fat, and ash were not different between barrows and gilts. However, gilts showed more (P = 0.05) body Lys content than barrows (7.68 vs. 7.52 g/100 g protein); however, Lys deposition rate (4.90 vs. 5.27 for barrows and gilts, respectively) and the amount of SID Lys intake per each gram of PD (0.10 vs. 0.11 for barrows and gilts, respectively) were not different between sexes. Gilts tended (P = 0.08) to have less PD but greater (P < 0.01) efficiency of SID Lys utilization for Lys deposition than barrows (0.62 vs.0.56). Barrows and gilts did not differ in the content and deposition of essential and nonessential AA (data not shown).
Values of empty-body protein content of essential and nonessential AA of pigs fed CLys or SBM Lys are presented in Table 5 . The content of His, Ile, Leu, Phe + Tyr, Met + Cys, and Gly increased linearly (P ≤ 0.01) with dietary Lys. Also, Val, Thr, and Asp increased linearly with dietary Lys (P ≤ 0.05). Pigs fed the basal diet had the lowest (P < 0.05) content of His, Leu (P < 0.01) Ile, Met + Cys, Thr, and Val. Pigs fed the CLyssupplemented diets at 0.56% SID Lys had greater (P < 0.05) content of His, Ile, Met + Cys, Val, and Leu than pigs fed the SBM-supplemented diets at the same dietary Lys concentration. Pigs fed the CLys-supplemented diets at 0.56% SID Lys had greater (P < 0.01) contents of Asp and Glu than pigs fed the SBM-supplemented diets at the same concentration. In addition, pigs fed the CLyssupplemented diets at 0.65% SID Lys had less (P = 0.05) content of Gly than pigs fed the SBM-supplemented diets at the same concentration. The effect of diet on deposition rates of essential and nonessential AA is shown in Table 6 . A linear increase (P < 0.01) in the deposition of all evaluated AA in accordance with the increase of dietary Lys was observed. Pigs fed the basal diet had the lowest (P < 0.01) deposition rate of essential and non- essential AA in the empty body (P < 0.01) without differences between the 2 sources of Lys at each level of dietary Lys, except for Gly deposition, which was lower (P = 0.01) in pig fed CLys at 0.65% SID Lys than those fed Lys from SBM at the same concentration.
DISCUSSION
There have been numerous studies conducted to determine the response of body composition and tissue deposition to nutritional inputs in pigs (Wiseman et al., 2007; Martínez-Ramírez et al. 2008; Schinckel et al., 2008; Colina et al., 2010; Ross et al., 2011) , including Iberian pigs (Conde-Aguilera et al., 2011) . Also, previous research has shown variable results in body composition of pigs. Body protein contents in our study were in line with those of Shields et al. (1983) , Noblet et al. (1987) , and de Lange et al. (2001) but lower than the values reported by Tuitoek et al. (1997) and Gómez et al. (2002) . Fat content values estimated herein are lower than those reported by Noblet et al. (1987) , Tuitoek et al. (1997 ), de Lange et al. (2001 , and Gómez et al. (2002) and greater than values published by Shields et al. (1983) . Ash and water contents are in agreement with the data of Gómez et al. (2002) , who estimated body composition of pigs fed low-protein or crystalline AA-supplemented diets. The differences in body composition among studies are likely related to variations in methodologies (estimation on a whole-body or emptybody, organ, or carcass basis), nutrition, age, genetic potential of the pigs, or management techniques.
The values of the body contents of protein, ash, and water of pigs slaughtered at the end of the experiments were similar to those previously reported (Shields et al., 1983; Bikker et al., 1995; Möhn and de Lange, 1998; Martínez-Ramírez et al., 2008) . As expected, body protein contents were the lowest in pigs fed the basal diet because it was the diet containing the most limiting concentration of dietary Lys. Although differences in water and protein contents were observed between pigs fed CLys and SBM-bound lysine at 0.65% SID Lys, these differences were not consistent. In addition, a similar response in fat and ash contents between pigs fed the 2 dietary Lys sources indicated that the source of Lys did not affect body chemical components in the evaluated pigs. Although previous studies have reported greater values for body fat contents (Noblet et al., 1987; Tuitoek et al., 1997; Gómez et al., 2002) than those determined in the current study, our data are within the ranges found by Bikker et al. (1995) . The differences with other studies may be associated with the genetic potential for fat deposition of the pigs used in other experiments. In fact, the chemical composition of the pig varies considerably because of genetics, BW, nutrition, sex, and feed intake (Shields et al., 1983; Wiseman et al., 2007) .
The values of the empty-body protein essential and nonessential AA contents of pigs slaughtered at the beginning and at the end of the experiments approached those reported previously (Bikker et al.,1994; Mahan and Shields 1998; Heger et al., 2008) , although the quantity of protein and thus the quantity of individual AA required and their deposition are influenced by sex, genotype, dietary protein level, and pig age (Mahan and Shields, 1998) . Some differences in the essential and nonessential AA content were observed between pigs fed diets supplemented with CLys and pigs fed SBM-bound lysine at the 0.56% SID Lys; however, this response was inconsistent. Batterham et al. (1990) showed that dietary Lys concentration can produce small variations in the AA in the body protein that can be attributed to changes in proportions of different AA utilized for maintenance and growth. In our study, in spite of these variations, it seems that the empty-body AA content, in addition to the other body chemical components, is not affected by the source of Lys as outlined by Colina et al. (2010) . The values of PD were within the range reported by Giles et al. (1987) , Batterham et al. (1990), and LibaoMercado et al. (2006) . However, greater values were estimated by Kemm et al. (1990) and Gómez et al. (2002) . Differences may be attributed to variations in the genetic potential for PD of the pigs as indicated by Schinckel et al. (2008) . The increased PD rate observed as dietary Lys concentration increased in the pigs fed the CLys or supplemented diets is in line with the linear increase in the Lys intake and deposition. This response has been observed previously (Bikker et al., 1995; Gahl et al., 1995; King et al., 2000; Libao-Mercado et al., 2006) . The linear response in PD (g/d) indicated similar efficiency in use of Lys intake by both sexes for PD according to the results of Batterham et al. (1990) in barrows and gilts (20 to 45 kg BW). In contrast, Giles et al. (1987) and Chen et al. (1999) showed in growing (20 to 50 kg) and finishing (51 to 115) pigs, respectively, that barrows tended to have greater PD than gilts under ad libitum feeding conditions. Chen et al. (1999) reported greater PD in finishing barrows when compared to gilts and attributed the response to internal organs that metabolize AA and a greater BW gain for barrows. In the present study, there was no significant sex × diet interaction on final BW. Pigs fed the SBM-supplemented diets (0.74% SID Lys) had a decreased PD (compared to the CLys group), which may be attributed to the concomitant decrease in body protein content; however, this response was not evident at the other Lys concentrations. The lack of difference between pigs fed l-Lys·HCl and SBM-bound Lys for PD is supported by studies by Susenbeth et al. (1991 Susenbeth et al. ( , 1994 and Liebert (1995) . These researchers showed that differences in the time course of Lys absorption between protein-bound and CLys were not observed by feeding pigs twice daily or providing ad libitum access to feed. In contrast, a reduced efficiency of CLys utilization has been observed, which can be attributable to an increased rate of absorption of crystalline AA relative to AA derived from intact protein, but in pigs fed once daily (Yen et al., 2004) . The data reported herein may indicate that ad libitum access to feed provides a balanced supply of Lys at the sites of absorption and metabolism regardless of the dietary Lys source, thereby resulting in a similar utilization of l-Lys·HCl and SBM-bound Lys.
Consistent with previous findings (Batterham et al., 1990; Caperna et al., 1994; Libao-Mercado et al., 2006) , Lys deposition varied between 3.40 and 6.40 g/d. In the present study, although gilts had greater empty-body Lys content than barrows, the deposition rate of body Lys was similar in both sexes and can be explained by the fact that within the range of BW studied, barrows and gilts had similar feed intakes. In contrast, Henry (1993) reported sex differences in diet selection according to Lys content. Under the conditions of the present study, pigs were fed diets limiting in Lys, which was demonstrated by the linear increase in PD and Lys deposition at each level of Lys intake regardless of sex or Lys source.
Although differences were not observed, body fat deposition decreased for pigs fed the CLyssupplemented diets from the lowest to the greatest dietary Lys supplementation. In contrast, in pigs fed the SBM-supplemented-diets, there was an increase followed by a subsequent decrease in fat deposition. This response was observed in conjunction with the linear increase of PD with dietary Lys increase for both sources of Lys. Batterham et al. (1990) suggested that at low Lys concentration, PD is minimal and energy derived from AA can be converted to fat; however, as dietary Lys concentration increases, PD increases, and the energy is stored as fat.
Variations in water and ash deposition rates attributed to dietary Lys concentration reflect the concomitant variation in PD. These results confirm the same relationship among these body components as has been shown in others studies (Gómez et al., 2002; de Lange et al., 2003; Schinckel et al., 2008) . In addition, a similar response in the variations of fat deposition with respect to water deposition and PD has been established in pigs fed increasing concentrations of CLys (Ross et al., 2011) . In the present study, empty-body fat deposition decreased as deposition rates of water and protein increased.
Estimations of the efficiency of AA utilization for PD can be used to predict AA requirements and improve the accuracy of such models to better predict animal performance and response under different nutritional conditions. Therefore, the estimation of the amount of SID Lys intake for each gram of PD is a relevant value for swine modeling to estimate the efficiency of Lys utilization at several BW (NRC, 2012) . In this study, the amount of Lys intake required per each gram of PD was between 0.09 and 0.13 g/g. This value is close to the 0.12 g set by NRC (1998). Wecke and Liebert (2009) found that about 17 to 18 g of Lys intake were required for 170 g of daily PD in growing pigs fed diets limiting in Lys, a value equivalent to 0.10 g/g. The NRC (2012) estimates 0.71 g lysine deposited/g whole body PD. Although the average estimate herein (0.11 g/g) is lower than the NRC (2012) estimate, the latter was calculated from data sets representing pigs weighing 8 to 146 kg live BW.
As mentioned, in the current study the amount of Lys required for each unit of PD as a measurement of Lys utilization was not different between the 2 sources of Lys evaluated. The calculated Lys deposition:SID Lys intake ratio is also an estimate of the efficiency of Lys utilization (Baker, 1996) , which in the present study varied between 0.54 and 0.65 with similar values for both sources of Lys except for the 0.65% dietary SID Lys. Few studies that reflect the relationship between Lys deposition and dietary Lys intake have compared CLys and SBM. Gahl et al. (1995) found an efficiency of Lys utilization for Lys deposition in pigs fed SBM or SBM plus CLys of 0.81, whereas Batterham et al. (1990) , without considering the Lys source, obtained an efficiency of Lys retained/SID Lys intake of 0.86 as an effect of dietary Lys concentration, values that are very distant from those reported in the present study. It is possible that the efficiency of Lys retention could be affected by the degree of Lys deficiency in the diet, and this may account for a portion of the variation in the estimated efficiency values (Batterham et al., 1990) . However, Baker (1996) calculated an efficiency of dietary SID Lys utilization for Lys gain of 0.56, which is within the range of our results. In addition, NRC (1998), using data from several experiments, calculated the mean efficiency of Lys utilization for PD to be 0.54 to 0.62.
The amount of Lys required per gram of PD was not different between barrows and gilts, but the Lys deposition:SID Lys intake ratio was greater in gilts than barrows. For this reason, under the conditions of this study, SID Lys intake/PD may not be an accurate variable to estimate Lys utilization between sexes, likely because the amount of Lys deposited in empty-body protein was numerically lower in barrows than gilts (4.90 and 5.27 g/d, representing 6.68% and 5.55% Lys in PD, respectively). This greater Lys deposition:SID Lys intake ratio may be attributed to the greater Lys requirements of gilts for lean gain; in fact, these gilts had greater LM area and fat-free lean gain (Colina et al., 2013) . There are few data regarding deposition rates of AA in pigs when comparing crystalline and protein-bound Lys. The work of Caperna et al. (1994) outlined deposition rates of AA in EBW of growing pigs fed diets with somatotropin and reported values slightly lower (1 or 2 g/d) than those observed in the present study. Adeola (1995) evaluated the deposition rates of Lys and Thr in young pigs, reporting values very close to those reported here for these AA. It is evident that contents and deposition rates of other essential AA were not affected in pigs fed diets supplemented with either CLys or SBM Lys. The ratio of these AA in the body protein relative to Lys is probably not affected by the dietary Lys source, as reported by Colina et al. (2010) in nursery pigs. The values of body composition and tissue deposition rates estimated in the current study are variables often used for pig compositional growth models (de Lange et al., 2003; Schinckel et al., 2008 ) that can be used in conjunction with other key growth variables to fit growth curves of body components to predict growth performance and body composition (NRC, 2012) .
The results of the present experiment demonstrated that when pigs are allowed ad libitum access to feed, there are no differences in body chemical composition, PD, or other tissue deposition rates attributed to diets supplemented with either protein-bound or CLys dietary Lys. This response can be attributed to the fact that when pigs have ad libitum access to feed, there is a balanced supply of Lys at the sites of absorption and metabolism regardless of the dietary source. Therefore, supplementing low-protein diets with crystalline AA at adequate concentrations allows for maintaining body chemical components without affecting PD, Lys deposition, or the amount of Lys required for PD in growing gilts and barrows. The relationship between Lys deposition and SID Lys intake can be used to estimate differences in the efficiency of Lys utilization attributed to sex. 
